The accumulation of micro-organisms, along with the presence of nutrients, forms biofilms.
Berman et al. ). However, the types and quantities of algae vary dramatically depending on the season, the weather, and the geographical location (Caron et al. ) .
The conventional approach to coping with biofouling challenges has been to set up a cleaning schedule for the membrane, limiting the influx of nutrients to the system in the pretreatment process, applying a biocide, or maximizing shear forces at membrane surfaces in order to control the build-up of biofilm. However, chemical pretreatment, common to membrane systems, renders the organic matter easily assimilable for biofouling organisms. Although 99.9% of micro-organisms may be removed using these approaches, the remaining micro-organisms proliferate whenever trace amounts of nutrients are present in water and can cause irreversible biofouling.
In this study, we evaluated the impact of a model microalgae expected to be present in seawater and a model bacterium expected to be present in brackish water. Fouling due to these biofoulants was tested on copper-charged cellulose acetate (CA) membranes and compared with pure CA membranes. The modification of the CA membranes involved a three-step procedure, as previously described (Asapu et al. ) . In the first step, glycidyl methacrylate (GMA) was homopolymerized separately and added as a blend to the CA polymer dope. The flat sheet membranes were then cast using the phase inversion method. In the second step, a metal chelating ligand, iminodiacetate dibasic (IDA), was attached to the membrane surface via the spacer arm of GMA. Lastly, the membrane was charged with copper ions by covalently binding the copper ions to the chelation group of IDA, and attached to the surface of the membrane. Characteristic Fourier transform infrared spectroscopy (FTIR) absorption bands were observed at 860, 955 and 2,990 cm À 1 for the modified dope (i.e. CA/GMA/ NMP dope) and IDA treated membranes. These bands were absent from the CA sample, which confirmed the presence of GMA in the modified doped polymer solution. IDA addition was verified by peaks for -C-H bend and -O-H stretch, associated with the presence of alkenes and carboxylic acid due to the presence of the carboxylic acid from IDA (Asapu et al. ) .
Potential leaching of copper ions was also reported in previous studies, and in summary copper leaching studies showed that very little copper leached from the surface of the membranes. After 24 hours of continuous contact, the average copper that leached into a 35 g/L NaCl solution was 0.10 wt.%, into a 5 mM EDTA solution of pH 11 was 0.11 wt.%, and into a 10 mg/L Fe(II) solution was 0.22 wt.% (Asapu et al. ) . The copper that leached from the surface was slightly higher in the Fe(II) solution compared to the NaCl and EDTA solutions, which is hypothesized to be due to the higher affinity of the iron for the IDA chelation causing displacement of copper from the membrane surface. It is important to note that leached copper ions would be rejected by membranes, so would not be in the permeate. Therefore, the focus of this study was on the fouling potential using the copper-charged membranes as compared to pure CA membranes when filtering bacterial and algal organic matter.
MATERIALS AND METHODS

Materials
The polymer dope used to cast flat sheet membranes was made of CA (average M N 30,000) with an acetyl content of 39.8 wt.% purchased from Sigma-Aldrich and GMA (average M N 142.16) purchased from Alfa Aesar and vacuum distilled before use, N-methyl-2-pyrrolidinone (NMP, >99%, Alfa Aesar) solvent. GMA was polymerized with toluene (99.9%, 92.14) purchased from Fisher Scientific and benzoyl peroxide (97%) purchased from Sigma-Aldrich.
IDA hydrate 98% was purchased from Aldrich Chemistry (St Louis, Missouri). Dimethyl sulfoxide (DMSO) 99%, copper sulfate, acetone and hydrochloric acid were purchased from Fisher Scientific (Hampton, New Hampshire).
Methods
Membrane preparation
The preparation of copper-charged membranes is explained in detail elsewhere (Asapu et al. ) , and will be summarized here. In the first step, the GMA was homopolymerized separately and added as a blend to the polymer dope. The flat sheet membranes were then cast using the phase inversion method. The phase inversion process induced by immersion precipitation is a well-known technique for preparing asymmetric polymer membranes (Loeb & Sourirajan ; Hausman et al. a; Hausman & Escobar ; Flanagan & Escobar ) . Flat sheet membranes were cast with the polymer dope solution of 21/77/2 weight% ratio of CA/NMP/GMA using the phase inversion method.
The polymeric dope solution was poured on a glass mirror and the flat sheets were cast using a doctor's blade at a thickness of 130 microns (μm). These were then immersed in a water bath to allow interaction of the solvent in the casting solution film with the nonsolvent in the precipitation media.
This process resulted in an asymmetric membrane with a dense top layer and a porous sublayer.
The metal chelating ligand IDA was attached to the epoxy group of GMA by treating the flat sheet membranes with 0.5 M IDA dissolved in a 50/50% water/DMSO mixture for approximately 2-4 hours at a constant temperature between 50 and 55 W C. Then, the membranes were washed with distilled (DI) water and placed in 0.6 M copper sulfate solution for 24 hours.
The CA membranes made here had an effective mean pore radius of 0.43 nm and the copper-charged membrane had a mean pore radius of 0.525 nm, which confirmed they were in the nanofiltration range (0.5-2 nm) (Asapu et al. ).
Pseudomonas fluorescens migula (ATCC #12842)
Membranes were tested with a Gram-negative aerobic bacterium, Pseudomonas fluorescens migula ATCC # 12842). This rod-shaped bacterium has the optimal growth temperature of 27 W C, pH 7.0, and uses glucose as its carbon source.
Members of the Pseudomonas genus are one of the most ubiquitous bacterial species in the environment and water systems, and Pseudomonas fluorescens is well known to be good as a biofilm producer due to its short generation time and pipet. The pellet, which included AOM, was suspended in laboratory grade water.
Collecting and characterizing AOM
During algal blooms, increased turbidity, total suspended solids and total organic content resulting from algal biomass and growth challenge the operations of desalination facilities. The organic content is composed of polysaccharides and proteins.
From the membrane perspective, polysaccharides absorb on the membrane with six to eight times the efficiency of proteins due to their sticking characteristics. Specifically transparent exopolymer substances (TEP) are included in the total organic content released by algae and can be present at significant concentrations. In this project, we used TEP as a surrogate for AOM. Five mL of sample of c. affinis was centrifuged at 4,000 rpm for 20 minutes using an Eppendorf Centrifuge 5804 R (made in Hamburg, Germany). The supernatant was discarded, and the remaining pellet was AOM containing TEP.
In an effort to quantify the AOM, we measured the TEP concentration in the samples using Alcian Blue (AB) solution (11). AB is a hydrophilic cationic dye that complexes with anionic carboxyl or half ester-sulfate groups of acidic polysaccharides, causing the substance to be stained blue. The AOM obtained for the filtration experiment were extracted during the death phase of the algal sample because a previous study indicated that the AOM in stationary/death phase contained 57% polysaccharides compared to its precedent phase, membranes resulted in a flux decline of 20% and 12%, respectively; however, the final flux of copper-charged membranes was still significantly higher than that of CA membranes. The flux recovered after backwashing was higher for the copper-charged membranes (92%) than for the CA membrane (84%).
Dead-end filtration experiments with AOM
To investigate the short-term effects of AOM on membrane performance, filtration experiments were conducted. The slopes of the normalized flux decline curves of both copper-charged and CA membranes, along with their respective R 2 value, are given in Table 2 . The slopes were used for comparison since membrane thickness values were different, as previously described. As shown in Figure 6 , the coppercharged membrane trend lines showed flatter slopes compared to the CA trend lines. The slope values are compared in Table 2 , and the average values with standard deviation of the data confirm the general flatter slope values of the modified membranes' flux decline. This data suggests that CA membranes show less resistance to AOM fouling than copper-charged membranes, but to determine the significance of the data a t-test was carried out on slope values and flux decline values to test the hypothesis that the two membranes perform significantly differently. The result of the t-test with 5% risk level (α ¼ 5%) showed that two data 
Surface area coverage
Image J analysis was used to compare the surface coverage of foulants on CA and copper-charged membranes exposed to P. aeuriginosa during filtration experiments. Coppercharged membrane surfaces showed that the foulant surface area was significantly less than the biofilm surface area formed on unmodified membrane (Figure 8 and Table 3 ). The FTIR analysis supported the fact the fouled CA membranes had higher levels of polysaccharides compared to fouled copper-charged membranes. Polysaccharides are known to make up a significant portion of EPS, and are related to cell adhesion during the initial stages of cell adhesion and biofilm formation (Tsuneda et al. ) . It is important to note that EPS composition is to be variable depending upon the circumstances and the exposed surface.
Detection of EPS using FTIR
The fouled copper-charged membranes had fewer polysaccharides on their surfaces. This, along with the presence of proteins, is an indication that polysaccharides did not control biofouling (Hausman & Escobar ) , as they did with the CA membrane.
The spectrum of the fouled CA membrane showed considerable differences from the fouled copper-charged membranes. The most prominent of these differences were the additional peaks at wavenumbers 1,020, 1,385 and Figure 9 | FTIR spectra of CA and copper-charged membranes fouled after 5-hour filtration using synthetic brackish water and 10 4 cells/L. and copper-charged membranes, three peaks appeared on all three membranes. These peaks were at wavenumbers 940, 1,530 and 1,635 cm À1 , which corresponded to polysaccharide peaks and mainly with proteins of Amide I and Amide II bonds (Kong & Yu ; Xu et al. ) . A listing of these peaks, their band assignments and associated biomolecules can be seen in Table 4 .
The FTIR analysis of the membrane fouled after 7 hours of filtration and backwashed can be seen in Figure 10 , and it looked almost identical to the spectra of the membranes biofouled after 5 hours (Figure 9) showing the presence of similar peaks.
The FTIR spectra from the fouled CA membrane after 7 hours of filtration ( Figure 10) again showed peaks at wave- copper-charged membranes, three peaks appeared commonly on all the three membranes. These peaks were at wavenumbers of 940, 1,440, and 1,530 cm -1 , which corresponded to polysaccharides, lipopolysaccharides and proteins. Additional peaks appeared for the copper-charged membrane at wavenumber 1,630 cm -1 indicating proteins. A listing of these peaks, their band assignments and associated biomolecules can be seen in Table 5 .
The FTIR spectra of the membrane surfaces after 5-and 7-hour filtration experiments indicated that there was an accumulation of cells on the CA membranes. Since the filtration was only conducted for a shorter period of time, there was not enough time to actually form biofilm; therefore, it is hypothesized that the presence of polysaccharides on the CA membranes was due to strained cells that will lead to biofilm in the long-term. The presence of protein peaks on the copper-charged membranes indicated the presence of bacteria on the surface. Therefore, FTIR evidence led to the conclusion that biofilm initiation and adhesion to the membrane surface was more significant on fouling of CA membranes. This observation supports the role of the copper-charged membranes in controlling biofouling by preventing the attachment of cells to the membrane surface.
CONCLUSIONS
During biofoulant filtration experiments, copper-charged membranes resulted in lower flux declines and higher flux recoveries after backwashing when compared to CA membranes. In addition, the adhesion of bacterial cells on the copper-charged membranes was less than on the CA membranes. The absence of traditional EPS-controlled biofouling on copper-charged membranes was supported by FTIR analysis, which displayed fewer peaks associated with polysaccharides. Therefore, the use of copper-charged membranes has the potential to increase membrane life and decrease chemical cleanings associated with detrimental biofouling of membranes. Additional long-term studies are, however, needed to verify results.
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